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condition of the advanced RPV the ducted propellers have greatly
improved performance compared to the open propellers. Further,
the ducted propallera cperate at reduced rotaticnal speeds, which
are essentiasl for a low noise signature,

The performance of the four-bladed open propeller installed on
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low-spead engine is bealow that of the other two open propellers
and the ducted propeller that were analyzed.
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INTRODUCTION

Propellers for mini-remotely piloted vehicles must be designed
for peak performance at relatively low forward speeds when
operating on engines that have a high output speed., The noise
level produced by the propellers must be low to avoid detection
of the aircraft during its operation. Low noise levels are
generally achieved by reducing propeller tip speed and by in-
creasing blade number. Such changes may not be possible and
still meet the thrust and efficiency requirements of the air-
plane within the power rpm characteristics of the engine.

This is especially true if fixed-blade-angle propellers are
desired to eliminate complexity.

volume I documents the work that was done to develop the nec-
essary methods of analysis so that the performance of mini-RPV
propellers could be predicted and cptimum configurations could
be developed. Because of the small size of propellers needed
for these RPV applications, it was necessary to determine cor-
ractions to account for operation at low Reynolds numbers, The
corrections needed were developed to modify the airfoll data
normally used for analyzing full-scale propellers for the ef-
fects of Reynolds number, so that the performance of the small
propellers could be caloulated with good accuracy. Using the
newly developed method of analysis, optimum propellers were
designed for the Aquila RPV and the advanced RPV, both using
direct-drive engines. To obtain the required performance, it
was necessary to operate the propellers at relatively high ro=-
tational speeds with correspondingly high tip speeds, Further,
the propellers were designed for peak cruise velocity at the
maximum available crulse power. Although the performance of
these propellers is good at all the design conditions, includ-
ing the maximum endurance cruise condition, it would appear that
the rpm is high so that the noise level would be excessive.

Based on the performance of a ducted propeller designed for
similar operating conditions, suitable configurations were
sized for the design conditions of the advanced RPV config-
uration. The results of this analysis, given in Volume I,
indicate that large improvements in performarice can be obtained
when using properly designed ducted propellers, Thesu ducted
propellers will have a lower rotor diameter than the open pro-
peller configuration, with a corresponding reduction in tip
speed to about 30 to 35% that of the open propeller,

An engine with the same power output, but with reduced rota-
tional speed, would also make possible reduced propeller tip
speeds and thus lower noisze levels, To determine the possible
advantages of the use of such engines with either open or
ducted propellers and also to investigate the effects of

8
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operating at lower cruise speed, a Phase II study was under-
taken. In this study it was required to design optimum open
and ducted propellers installed on advanced RPV's using
engines with a maximum propeller rpm of either 8000 or 5860,
as installed on advanced RPV's, The propellers were to be
desi¢gned for peak performance when operating at the 60-knoct
launch and landing conditions, and also have good performance
at the 75-knot maximum endurance cruise speed,

Y e



DESIGN OPERATING CONDITIONS

ADVANCED RPV DESIGN OPERATING CONDITIONS

The design operating conditions for the advanced RPV, equipped
with either the direct-drive engine or an engine using a gear
ratio of 0.7325, are:

Mode Condition Power Setting Climb Rate TrueAirsgpeed
Launch 4000 ft/95°F Maximum 610 fpm 60 kt
Recovery 4000 £t/95°F Maximum 200 to 610 fpm 60 kt
Cruise 4000 £t/95°F 75 kt
Dagh 4000 ££/95°F  Maximum o 100 kt (min)

The thrust horsepower recquired for the advanced RPV is given
in Figure 1 for the launch, cruise, and landing conditions.
The increase in thrust horsepower noted for the landing condi-
tion reflects the drag increase due ‘to the deployment of the
gpoiler flaps.

ENGINE POWER CHARACTERISTICS

The advanced RPV 1s equipped with either a 20-horsepower di-
ract-drive engine or a 20-horsepower engine which has a gear
ratio of 0.7325, The maximum propeller rpm for each engine is
8000 and 5860, respectively. The full power characteristics
for both engines as a function of crankshaft speed are given in
Figure 2. Each engine is equipped with an alternator, which
reduces the ocutput power to the level shown in Figure 2.

10
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ETHODS OF ANAIVSTS

PROPELLERS

The methods used for aerodynamic design and analysis of propel-
lers for mini-RPV's are described in Volume I of this report .
and in Reference 1. Strip methods are used to calculate the
performance of any given propeller~design., These methods de-
pend on theory for finding t’ie induced losses, and two- =

dimensional airfoil data for finding the profile losses. These .

methods and airfoil data have been used for mary years to cal=-
culate performance of propellers operating at high Reynolds
nunbers. As described in Volume I, corrections to the profile
drag losses were developed to account for the lower Reynolds
nunber operation encountered with mini-RPV propellers. WwWith
these corrections for Reynolds number, the basic strip analysis
method as programmed for highwspeed computers, B-87, is accu-
rate within £ 3%, based on comparisons of test and calculated
propeller performance as shown in Volume I,

DUCTED PROPELLERS

Because of the interaction between the propeller and the duct,
the methods used for designing and calculating the performance
of ducted propellers are much more involved than those for
open propellers., To use the strip analysis for calculating
performance, it is also necessary to £ind the induced or three-
dimensional losses developed on the rotor operating within the
duct and then £ind the profile losses on each blade section
based on two-dimensional airfoil data,

With an extension of the Theodorsen? theory of propellers,
Wright3 and Gray4 developed the necessary coefficients for

1 Borst, H.V., et al, SUMMARY OF PROPELLER DESIGN PROCEIURES AND
DATA, Vols. I, 11, and III, USAAMRDL Technical Report 73-34A,B,
and C, H.V. Borst & Associates, Eustis Directorate, U.S. Army
Air Mobility Research & Development Laboratory, Fort Eustis,
Virginia, Nov. 1973, AD 774831, 774836, and 776998,

Theodorsen, T., THEORY OF PROPELLERS, McGraw Hill, 1948,

Wright, T., EVALUATION OF THE DESIGN PARAMETERS FOR OPTIMUM

HEAVILY LOADED DUCTED FANS, Journal of Ajrcraft, Vol 7 No. 6,
NOV.-DGC. 19700

Gray, R.B., and wright, T., A VORT'EX WAKE MODEL FOR OPTIMUM
HEAVILY LOADED DUCTED FANS, Journal of Aircraft, Vol, 7 No. 2,
Mar.-Apr. 1970,
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calculating the performance of optimum loaded ductedpropellers,

These coefficients were calculated for the ducted propeller
operating with the optimum load distribution in the same way as
was done for open propellers., This is the same as assuming the
rotor is operating with the trailing vortices forming a rigid
wake, In rompressors, this is the equivalent to the case of a
vortex-free flow, which also gives an optimum load digtribu-

tion. The K(x) coefficients were calculated assuming the Kutta

condition holds at the duct exit. Also, when calculating K(x)
using the theory, the duct was replaced by vortices along the
mean camber line in a manner such as to cancel all normal
velocity components developed by the propeller,

When calculating the performance of the rotor operating in a
duct, the K(x) coefficients ¢eveloped by Gray and Wright4 are
used in the same manner as the K(x) goofficients of open pro-
pallers as determined by Thecdcrsen.« Thus, the induced angle
change for applying two-dimensional airfoil data and determin-
ing the induced efficiency of ducted propellers 1ls calculated
in the same manner as for open propellers presented in Refer-
ence 1, except the K(x) factors of References 3 and 4 are used.

Before the above procedures can be used for calculating the
forces and moments on the rotor operating in the duct, it is
necessary to find the velocity ahead of the rotor disk, This
is the velocity induced by the duct when the rotor is develop-
ing thrust., This velocity changes with both the free-stream
velocity and the disk loading. The duct-induced velocity is
calgulated baged on the vortex theory developed by Kaskel, et
al,5 which accounts for duct shape and aize, rotor thrust,
blade number, advance ratio, and rotor locaticn within the duct.
The pressure distribution and the duct thrust can also be_cal-
culated using the procedures calculated by Kaskel, et al.

Thus, for an assumed duct shape and size, the performance of a
ducted propeller is calculated as follows:

T—ESEEE, et al,
Theodorsen.
wright.

Gray and Wright,

e b W B

Kaskel, A.L., ordWﬂY, D.EB., Houg‘h, G.R., and Ritter, A., A
DETAILED NUMERICAL EVALUATION OF SHROUD PERFORMANCE FOR
FINITE-BLADED DUCTED PROPELLERS, Therm Advanced Research,
Division of Therm, Ithaca, N.Y., TAR-TR 639, Dec, 1963,
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1.

2,

3.

4.

S.

Assume a rotor thrust; calculate the velocity induced
at the rotor face by the duct, using the method and
data of Reference 5.

At an assumed blade angle, calculate the thruat and
power developed by the rotor using ducted propeller
values of K(x) for calculating the induced angle of

attack and suitable two~dimensional airfoil data.

Adjust blade angle to a value 8o thet the CHFuSE
gevaloped by the rotor is equal to the assumed value
n Step 1.

Knowing rotor thrust and the flight condition, calcu-
late the duct thrust and skin friction drag,

Calculate the éfficiency from the equation:

~ b (TD+TR+DSF)V°
- 550 HP

n

where g - &uct thrust

Tgp = Fotor thrust

Dgp= duct skin friction drag
Vo = free~stream velocity

HP = installed horsepower.

SELECTION OF OPTIMUM CONFIGURATION

When selecting the optimum propeller or ducted fan configura-
tion for an airplane with several critical demign flight con-
ditions, it is necessary to establish the relative merits and
requirements of each condition. Further, it is necessary to
determine what types of performance compromises might be in-
volved at secondary design conditions, if the propeller were
optimized only for the primary design condition, This is done
by determining the optimum performance at sach operating condi-
tion for comparison with practical propellers that may be de-
signed for peak performance at any other £light condition,

5 Kaskel, Ordway, Hough, and Ritter,
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optimum Propellers and Ducted Fans

The optimum propeller and ducted fan are defined as configura-
tions that operate with minimum induced- and profile-drag loss-
es at any flight condition. The performance of the optimum
propeller is a function of the blade number and diameter, and
increases with both of these variables. when the profile drag
is zero, the efficiency of the optimum propeller is equal to
the ideal induced efficiency. This correspondc to the effici-
ency of a propeller operating with an optimum load distribution,

" "The profile drag losses of a propeller designed for a given con-

dition are a minimum when the lift/drag ratio of the entire
propeller is in the range of 60, This corresponds to a drag/
1ift angle r of approximately 1°, By assuming that the opti-
mum propeller is operating with an ideal induced load distri-
bution and a drag/lift angle of 1°, the performance can easily
be determined at ‘any condition using the short method given in
Volume I. Knowing the optimum performance, it is possible to
find the change or loss in perforiiance of a practical propeller
in relationship to the best that can be cbhtained. This is
very useful for finding the best compromise propeller design
for a number of flight conditions,

The actual design of an optimum propeller of a given diameter
and blade number cperating at any condition of power, speed,
rpm, and altitude requires finding the loading distribution
for a combination of minimum profile and induced losses, This
involves finding the blade solidity needed to cperate at a
lift coefficient and the corresponding blade camber for peak
1ift/drag ratioy it also involves determining the best distri-
bution of loading, considering the induced losses for peak
efficiency. This procedure involves the use of the theory ol
The Calculus of Variations and is detailed in Reference 1l.

1 Borst, et al,
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PROPELLER SELECTION FOR RPV'S

The cholce of thae best propeller configuration for a remotely
piloted vehicle depends on the flight conditions and their .
relative importance, For the advanced RPV aircraft, the flight
speedsat the launch and landing conditions are equal and the
performance regquirements are such that one propeller will have
peak performance for both conditions. The design cruise speed
specified ia that for maximum endurance where the power is
minimum. At this condition the speed is close to that of the
launch and landing speed conditiona. Since the thrust required
for cruise is lower than the launch thrust required,the optimum
propeller chosen would be smaller than the cptimum propeller
designed for launch and landing conditions, It is therefore
important that the propeller selected to give peak performance
at the launch and landing conditions be as amall as possible

to obtain peak cruise performance, This means that the propel-
ler designed for launch should develop only the minimum thrust
neaded for this condition.

The fourth operating condition to be considered is the dash
case, Here, the specified requirement is to provide sufficient
thrust so the airplane can exceed a speed of 100 knots, This
is a full power or a maximum rpm condition, depending on the pro=
peller used., At the dash condition, the efficiency bacomes of
secondary importance as long as the thrust avallable eaxceeds
that required to obtain a flight spaeed of 100 knots. In Vol-
ume I it was shown that the optimum propeller designed for tlie
dash condition is too small to meet the performance require-
ments of the launch and landing conditions. Thus, for peak per-
formance at dash, the propellers chosen for the launch and
landing conditions should also be the minimum size needed.

The thrust required for the launch condition must be met to
obtain the needed rate of climb., When this level of thrust is
cbtained at launch, sufficient propeller thrust is available
at the landing condition so the rate of ¢limb is in the re-
quired 200 to 610 fpm range, Since propellers required for
optimum performance at the cruilse and dash operating flight
conditions are smaller than those needed at the launch condi-
tion and will not develop the required performance at the
launch condition at the lowest possible rpm nocensarx‘for peak
performance and minimum :.o0ise, the launch condition s bean
selected as the primary design condition. At this condition,
optimum minimum-aizs propellers and &ucted fana are choaen to
meet the ailrcraft performance requirements.

For RPV's equipped with fixed-pitch propellers operating at a
certain engine power setting, tha best configuration can be
determined directly by f£inding the efficiency required at the

17
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launch condition as a function of rpm and matching this per-
formance with that obtained with the optimum propeller design.
The required efficiency depends on the thrust horsepower re-
quirements of the alrplane and is a function of the aircraft
drag, rate of climb, and the engine power/rpm characteristics
of the specified throttle metting, It is apparent that the

propeller efficiency required will increase as the power avail-
able decreases,

For the launch and landing cenditions when the angines are
operating at a maximum power setting, the efficiency require-
ments as a function of rpm are given in Figures 3 and 4 for
both the direct~drive and geared engines, These eff.ic:l.eno{a
requirements were calculated using the thrust horsepower char-
acteristics of the airplane and the engine power output data
given in Figures 1 and 2, The aircraft performance require-
ments used are given on page 10,

OPTIMUM PROPELLER DESIGN FOR 8000 RPM ENGINE

To £ind the peak propeller performance and corresponding power
and rpm that will meet the efficiency requirements of the ad-
vanced RPV equipped with the 8000 rpm direct propeller drive
engine as given in Figure 3, the performance of a series of
optimum propellers must be found, At the design launch condi-
tion, the optimum efficiency of a series of optimum two-,
three-, and four-bladed propsllers was found for a range of
diameters up to the maximum allowed of 2.5 feet, The varia-
tion of efficiency with propeller rpm of these optimum propel-
ler configurations is shcwn, along with the efficiency re-
quired, in Figure 5, The lowest rpm where the efficlency of
the optimum propellers crosses the efficiency-required curve
is the best operating condition for any propeller, At this
condition, the noise level of the propellers would also be &
minirum, as the noise produced is a direct function of the tip
speed and, therefore, rpm, Since the peak efficiency and min-
imum noise level occur at the lowest possible rotational spead
this criterion was used for selecting the best propeller,
This, then, determines the optimum propelle:r diameter, blade
number, operating rpm, and input power to meet the efficiency
required to obtain the specified aircraft performance, For
the direct-drive engine, the optimum two-bladed, 2.5-foct-
diameter propeller meets the efficiency required at the launch
condition when operating at a rpm of 5600 and with an effi-
ciency of 73% (Figure 5), If a four-bladed, 2.5-foot-diameter
propeller were used, the rpm would decrease to 5500 and the
efficiency would increase to 75.5%. In determining whether

a two- or a four-bladed propeller should be used, a detalilled
blade analysis is necessary to find the solidity for peak per-
formance. If the loading is low, the solidity of the blades

18
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for the four-bladed configuration might be too low, resulting
in an impractical configuration,

In the above analysis only the operating rpm and power are
established for each optimum propeller of the given blade num-
ber and diameter; the details of the blade, including solidity,
camber, section type, and blade angle distribution, are not
known. The design detallas of the blade required to achieve the
stated performance were determined by the mathods described
previously and given in Reference 1, For the 8000 rpm engine,
the analysis showaed that the 2,5-foot-diameter propeller with
two 8l.1 activity factor bladeées is the optimum configuration,
The blades with an activity factor of 8l are as small as are
structurally practical, so that the propellers using three or
four blades requiring activity factors below 50 were not con-
sidered. Since the improvement of parformance using four
blades is small, the loss in performance using the two-bladed
configuration is minimal, The detailed characteristics of the
propeller with two 8l activity factor blades designated 2B81-25
are given in Figure 6. Tables of the design data needed for
fabrication of this blade are given in Appendix A, An effi-
ciency map for determining the performance at any design condi-
tion of the 2B81-2,5 propeller iu given in Figure 7, This map
was calculated using the methods and data deacribed in Volume I
and includes all the necessary corrections for the low Reynolds
numbers sncountered.

ormance of w2.5 Prope r the 8 E ne

The performance of the 2B81-2,5 propeller operating at a fixed
blade angle using the 8000 rpm engine is given in Table 1 for
the advanced RPV. The performance of the optimum propellers
for each condition is also shown in the table for comparative
purposes. This propeller meets all the aircraft performance
requirements given on page 10. It operates at peak efficiency
at the design launch condition and has an efficiency of 80.0%
at the cruise condition, which is within 3.1% of the peak ef-
ficliency possible for an optimum propeller specifically de-
signed for that condition. The performance of the propeller
allows a dash speed of 123,5 knots, This is well above the
minimum required.

1) PR ER_DESIGN FOR

with the geared 5860 rpm engine the operating propeller rpm
needed to meet the performance requirements of the advanced RPV

1 Borst, et al,

22
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are lower than the 8000 rpm engine. This occurs as the maximum
output power is the same for both engines when the rpm times
the gear ratio of the direct-drive engine is ecqual to that of
the geared engine. Thus, the required efficiency of the opti-
mum propeller occurs at a rpm of 4150 for the four-bladed,
2.5-foot~diameter configuration as compared with 5600 rpm for
the direct-drive engine., As shown in Pigure 8, the optimum
efficiency of this propeller is approximately the same as that
of the propeller used for the direct-drive engine, It would
therefore appear that the main advantage of using the geared
drive engine is the reduction of noise due to operation at
reduced rpm.

As shown in Figure 8, the required efficiency can be obtained
for the launch condition using propellers with lowar diameters
than the maximum allowable, These propellers will operate atin-
creased rotational speeds and lower values of efficiency than
the larger diameter propellers. Since the tip speeds of hoth
configurations are approximately the same, there would be no
noise advantage with the lower diameter configuration,

The details of the propeller for the geared engine needed to
meet the performance reguirement at the launch condition were
found using the same optimum strip snalysis procedure as was
used previously. The results of this analysis indicated that
a 2,5-foot-diameter propeller with four 81 activity factor
blades,having an integrated design Cr of ,.465, would be re-
quired, The detailed characteristics of the blade are given
in Figure 9. Tables of the blade section ordinates, from which
the blade can be manufactured, are givan in Appendix A. The
blade is considered to be used with & 7.5-inch-diameter spimmer
which gives an inboard cutoff of r/R of .25, This propeller
configuration is designated 4B8l1-2,5,.

arfo ce of 81-2,5 Propeller the 5860 Engine

A generalized efficiency map for the 4B31-2,5 propeller was
calculated using the B-87 propeller computer program corrected
t0o include the effacts of low Reynolds number, and is given in
Figure 10, From this map the performence of the propeller
operating at the fixed-pitch blade angle needed for the launch
condition is given in Table 2, The rerformance of this propel-
ler meets or exceeds the recquirements at all conditions.

Also shown in Table 2 is the optimuwa efficiency of propellers
for sach design condition. Comparison of the optimum propeller
in each case to the 4B81-2,5 shows that this configuration has
excellent performance at all the design operating conditions,

26
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DUCTED PROPELLERS

The existing RPV!s incorporate shrouds to protect the propeller
from damage and operating personnel from injury. The shrouds
used are not effective for improving the rotor performance, as
the tip clearance is large relative to the rotor diameter,
Thus, the duct cannot control the tip losses by counteracting
the radial flow velocity as in the case of a properly designed
ducted propeller, In Volume I it was shown that with properly
designed ducted propellers, important improvements in perform-
ance could be achieved compared with the open propeller, Fur-
ther, it was shown that the performance increase would be ob-
tained with rotors of lower diameter operating at reduced tip
speeds. Because of the projected increase of performance
shown, ducted propellers were designed for optimum performance
on the advanced RPV's using both the direct-drive 8000 rpm and
the geared 5860 rpm engines, '

To determine the size requirements of the ducted propeller, an
analysis was conducted in a manner similar to that performed
for the open propellers, This is feasible, as variation of
the efficiency required with rpm depends only on the engine
characteristics and airplane requirements, and does not depend
on the tyre of propeller or fan used. The efflciency neaded
to meet the performance requirements of the alrplane for the
launch condition is then compared to that produced with ducted
propellers of various sizes. The efficiency of the various-
size ducted fan configurationas was determined from tha charac-
teristics of a known ducted propeller designed for operating in
the same speed range as the RPV's, It was necessary to use the
performance characteristics of an existing fan configuration
for estimeting the required fan size, as single-point methods
such as those used for open propellers have not been developed
as yet., Such methods would be useful for this purpose,

QPTIMUM DUCTED PROPELLER DESIGN FOR 8000 RPM ENGINE

Based on a five-bladed ducted propeller operating in a duct
with a length to diameter ratio of 0.75, the efficiency at the
launch condition was estimated for a series of diameters at a
range of rctational speeds, Rotor diameters from 1.5 to 2.5
feet were considered. The results of these calculations are
shown in Figure 1l in comparison with the efficiency required
at the launch condition. The performance of rotors £rom 1.5
to 2.0 feet diameter will meet that recuired, with the 1,75-
foot~diameter configuration having the best efficiency at the
lowest rotational speed. This rotor diameter was therefore
selected for further analysis and optimization,
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Duct Design

As the duct and rotor interact, the design of each component
depends on the other. The flow velocity at the rotor face is
influenced by the shape of the duct and the thrust produced by
the rotor., Since the design details and performance of the
rotor are influenced hy the upstream velocity, it is necessary
to establish the duct configuration prior to designing the
rotor blades.

The duct design parameters to be considered for a given rotor
diameter are the duct length-to-diameter ratio, the airfoil
crogs section, the location of the rotor disk within the duct,
and the angle of attack of the duct section with respect to
the duct centerline., 1In choosing the above parameters for a
given ducted propeller design, the main considerations are the
avolidance of separation at the inlet and exit and controlling
the flow in the propeller plane so that radial flow losses,
such as those encountered with open propellers, are eliminatecd
or reduced to a minimum,

The propeller or rotor of a pusher installation operates down-
stream of the engine; as a result, part of the rotor will be -
operating in the wake produced by the engine, Thia wake in-
fluences both the aerodynamic performance and the structural
characteristics of the blades, Two opposing cylinders extend
into the stream ahead of the rotor and thus will influence the
flow into the rotor. To reduce the effect of the cylinder wake
which can have a high velocity decrement, it appears posiible
to duct the airflow through the rotor hub in a manner illus-
trated in Figure 12, The exhaust flow can be mixed witli the
flow over the cylinders required for cooling and also passed
through the rotor hub, The spokes of the rotor hub may be
vanes or blades to force the flow through the apinne:, and
thus provide positive cocling airflow.

To provide minimum interferenca, the rotor hub has a conical
shape to increase the axial distance hetween the struts and the
rotor blades, This gives an axial distance to the propeller of
approximately two stator chord lengths. This is the minimum
distance for the rotor to be spaced from the stator vanes to
nminimize interference and noise. As a result of the above con-
siderations, the engine/propeller was positioned in the duct
with a length-to-diameter ratio of .75 at the mid-duct locaticn
as shown in PFigure 12, The mid-duct location of the rotor also
makes it possible to control the expansion of the flow prior to
the exit of the dQuct. Thias is done by limiting the included
angle of the duct to 7°, To maintain low skin friction drag,
the duct length was kept relatively low at a length-to-diameter
ratio of .75 where the diameter is the diameter of the rotor.
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SECTION AA

Firgure 12.

Conceptual Design of a Ducted Propeller Instal-
lation for Advanced RPV With 8000 RPM Engine.
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Calculations of the performance of several duct shapes indicated
that ducts with a low thickness ratio will have small valuea of
nose ratios, which can lead to separation at relatively low
angles of attack. Further, ducts with low nose radii do not
produce thethrust necessary forthe development of the optimum
ratio needed for peak performance. For these reasons, a 15%
saction using the ordinates of the NACA 23015 airfoil was cho-
sen for the duct cross section. This duct section is oriented
so that the normal upper surface is the inner surface of the
duct. The above conclusions on the effect of leading-edge
radius, duct length-to-diameter ratio, and propeller location
are confirmed by the experimental data given in Reference 6,

Using the methods of Reference 5, the performance characteris-
tics of the duct were calculated for a range of operating con-
ditions that are encountered on the advanced RPV's, It was
found that the thrust produced by the duct is only a function
of the thrust loading of the rotor and is independent of the
rotor rotational speed. The variation of duct thrust with
rgtor thrust is expressed in coefficient form, Ch and C',
where

¢'y = Tp/gA
. = Tp/qA = duct thrust coefficient

rotor thruat coefficient

TR = rotor thrust

Tp = ¢duct thrust

q = free-stream dynamic pressure = hﬂvg
A = disk area = rDZR/4

The variation of the duct thrust coefficient with rotor thrust
coefficient 18 given in Figqure 12 for the duct configuration
given in Pigure 1ll.

The velocity induced by the duct and the propeller is dependent
on the rotor thrust coefficient Ch. This velocity is a funcw
tion of the radial station and is expressed as the ratio of Vp
to Vo. It is calculated (knowing the duct gecmetry) using the
method and data given in Reference 5,

5 Kaskel, Ordway, Hough, and Ritter,

® Black, D.M., Wainauski, Harry S., and Rohrbach, C,, SHROUDED
PROPELLERS — A COMPREHENSIVE PERFORMANCE STUDY, AIAA Paper
68-994, Oct. 1968,
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Thus,
Vp/Vg = 4 = duct velocity ratio

vhere
Vp

Vo

veloclity in the duct
free-stream velocity.

The duct velocity ratio , is given as a function of the thrust
coefficient C'v and x as shown in Figure 14, In the range of
operation of the advanced RPV's, u is independent of the rota-
tional speed.

Ducted Propeller Design

The analysis of the efficiency requirements at the launch con-
dition using the direct-drive 8000 rpm engine showed that a
ducted propeller with a rotor diameter of 1.75 feet, operating
at 5650 rpm, wae the best configuration. At this condition,
the details of the rotor were determined to give the optimum
performance. The criterion used to establish the optimum blade
configuration is basically the same as that used for optimum
propeller designs. This blade loading condition correspondas to
the vortex-free condition used in the design of compressors,
which is the same as the rigid wake case used in propeller de-
sign. Based on this design criterion, a rotor with optimun
blades was established., This rotor, operating in the duct given
in Figure 12, has five 130 activity factor blades with an inte-
grated design Cr, of 0.6, The characteristics of the blade are
given in Figure 15, with the detailed section ordinates from
vhich the blade can be fabricated given in Appendix A,

PERFORMANCE OF 5D130-1,75 DUCTED PROPELLER ON 8000 RPM ENGINE

An efficiency map for the optimum ducted propeller dsscribed
above and degignated 5D130-1.75 was developed for the expected
operating range and is given in Figure 16. The thrust deter-
mined from the efficlency given includes the thrust produced
by both the rotor and the duct, The duct thrust includes the
drag loss due to skin friction, which was calculated using the
data given by Hoerner.? Due to the location of the engine with
respect to the duct and propeller, irntarference losses can be
expected. These were estimated to be 1.5% of the calculated
efficiency. It was assumsd that a tip clearance of 0.l inch
would be maintained, Based on the test data given in Reference
7, the loes in performance vas taken as 2,.5% over the entire
range,

7 Hoerner, 8.F., FLUID-DYNAMIC DRAG, published by the authox,
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For the design operating conditions of the advanced RPV's, the
performance of the 5D130-1.75 ducted fan was calcoculated and is
given in Table 1. At all the flight conditions for the ad-
vanced RPV, the efficiency of thes ducted fan is excellent and
exceeds recquirements, The hi~: values of efficiency &re main-
tained over a wide range of power with the ducted propeller
configuration,

OPTIMUM DUCTED PROPELLER DESIGN FOR 5860 RPM ENGINE

The efficiency of a series of ducted propaellers having a length-
to~diameter ratio of 0,75 and installed on the 5860 rpm engine
is shown in Pigure 17. This efficiency, a a function of rpm,
is compared with the efficiency required to obtain the thrust
neaded at the launch condition. Based on the criterion of
operating at minimum tip speed, the ducted fan with 2-foot-
dliameter rotors appears t¢ be optimum. This configuration,
operating at 4000 rpm and full power, meets the efficiency
needed at full power for obtaining the required rate of climb
of 610 fpm at 60 knots. At this condition, the rotor tip speed
is only 419 fpa, which should result in low noise output.,

Duct Design

The duct selected for the ducted fan used with the 5860 rpm
engine has a length-to-diameter ratio of 0.75 and a cross sec-
tion corresponding to a NACA 23015 airfoil section. This air-
foil section was chosen as it has an essentially flat lower
surface, which becomes the outer portion of the duct, and a
large leading-edge radius, which tends to eliminate separation
problems at the duct entrance. The airfoil is mounted in the
duct with an expansion angle of 7° to provide a configuration
with a high duct efficiency. The duct shape chosen is the
same as that used with the 8000 rpm engine,

The cylinders on the 5860 rpm engine are large relative to the
propeller, so that the wake produced will have a significant
effect on perforinance, As the propaller operates aft of the
engine, the blades go in and out of the wake produced by the
cylinders with a corresponding periodic change of load, This
is similar to a pusher propeller operating aft of a wing, and
can lead to high alternating blade loads with corresponding
high vibratory stresses. To minimize this effect, the loca-
tion of the engine and fan relative to the duct has been ar-
ranged to reduce the wake size and the velocity relative to
the cylinders. This was done by locating the cylinders just
in front of the duct where the velocity is lower than that at
the propeller face and using splitter plates aft of the cylin-
ders. The aplitter plates tend to reduce drag and so reduce
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the width and velocity decrement in the wake, The splitter
Plates are also used to support the outer portion of the duct,
The general arrangement of the engine, duct, and rotor is
given in Figure 18,

The arrangement of the duct, engine and propeller sghown in Fig-
ure 18 results in a relativly large distance between the front
supports of the duct and the duct trailing edge. To reduce the
movement of the duct relative to the propeller so that minimum
tip clearance can be maintained, the rear spinner is f£ixed so
that it does not rotate, Six vanes,attached to the spinner,
stabilize the duct. At the end of the fixsd inner surface is

a rotating shaft that can be used to start the engine,

Since the duct shape and length-to-diameter ratioc of the ducted
fans designed for both engines are the same, the thrust and

velocity characteristics given in Figures 13 and 14 will apply
to both designs, C s

Ducted Propesller Design

The propeller for the low rpm ducted fan was designed in the
same manner as the one for the 8000 rpm engine, Based on
operation at a minimum rpm of 4000 for the launch condition,
the rotor using £ive 130 activity factor blades was optimized
to £ind the best distributions of design Cr, and blade angle,
This resulted in a blade with an integrated design Cr, of 0.7,
This blade, installed in a five-blade hub operating En the
above duct design given in Figure 18, is demignated the 5D130-2
ducted propeller, The detailed blade characteristics are
given in Figure 19. The section data needed for the blade fab-
rication is given in Appendix A.

PERFORMANCE OF 5D130-~2 DUCTED PROPELLER ON THE 5860 RPM ENGINE

A generalized performance offioiencx map was developed for the
5D130-2 ducted propeller configuration and is given in Figure
20, The efficiency shown includes the thrust of the propeller
and duct as determined from Figure 20, The duct thrust in-
cludes a correction for skin friction based_on the operating
Reynolds number as determined from Hosrner.’ It is assumed
that the tip clearance between the blade and the duct is 0.1
inch. This results én an efficiency loss of 2,5% based on the
data given by Black.® An additional efficlency of 2,.5% was

6 Black, Wainauski, and Rohrbach,
7 Hoerner,
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Figure 18, Conceptual Design of a Ducted Propeller
Installation for Advanced RPV With
5860 RPM Engine,
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applied to account for the interference of the engine cylin-~
ders on the flow. Thus, the efficiency determined from the

efficiency map (Figure 20) includes all the losses for skin

friction and interference.

The performance of the 5D130-2 ducted propeller operating on
the advanced RPV, using the 5860 rpm engine, was determined
using the efficiency map (Figure 20) and is given in Table 2,
Where the efficiency of the propeller intersects that required
at the launch condition (Figure 17), the blade setting angle
and rotational are established for the &ucted propeller. For
the 5D130-2 ducted propeller this occurs at an efficiency of
84% and 3750 rpm at the 60-knot launch condition, This higher
performance compared to the original estimate is a result of
the blade optimization, which made possible decreasing rpm and
increasing efficiency.

wWith the propeller operating at a fixed blade angle, the per-
formance of the 5D130-2 configuration was found at the design
cruise and dash conditions using the efficiency map given in
Figure 20. The performance is given in Table 2, Excellent
performance, exceeding requiremsnts, is obtained at all the
operating copditiona.




PERFORMANCE RESULTS

OPEN PROPELLERS

The performance of optimum open propeliers is accurately deter-
mined uasing the single-point method given in Volume I and
assuming a drag/lift angle of 1.0°, This is illustrated in
Figure 5 by comparing the performunce calculated at the launch
condition, using the singie-point method, with that found for
an actual 2B81-2,5 optimum propeller. At the design.rpm of
the ¢ptimum propeller the efficlency determined hy the two
methods is nearly identical, Thus, the performance calculated
by the single-point method at any rpm, ussuming a drag/lift
angle of 1.00, is truly representative of what would be deter-
min:d and expected for the optimum propeller, It should be
noted that the actual blade configuration ci the optimum pro=-
peller would ba dlfferent for each rotational speed. selected.

As shown in Takle 1, the perform=nce of the 21881-2.5 propeller
is excellent at ull the design flight conditiona of the ad.
vanced RPV, At the launch and landing conditions theé perform-
ance is within 0.5% of the ideal configuraiion, whils at the
crulse condition the performance of the selactad propeliler is
within 4% of the ideal. This performence is considered to he
excellent for a fived pitch propeller. The 2B81-2,.5 propeller
develops sufficient thrust so a dash aspeed of 123,.5 knoue is
obtained, which is well above the minimum reguired of 100 kncts,
Even at this condition the efficiency is withih 10% of the op-
timum for the engine operating at maximum power. Thus, it
would appear that the fixed-pitch two~bladed propeller is the
practical optimum configuration for he high rpm engine., Fur-
ther, except for the possibility of reducing rpm at cruise to
decrease the noise level, a variazble blade angle propeller is
not required for this installation.

As shown in Takle 2, the performance of the 4AB8l-2,5 four-
bladed open propeller, designed for peak efficiency at the
launch condition, exceeds that of the propeller with the
assumed drag/lift angle of 1°., This shows that the blade is
operating with minimum profile losses at this condition., Tha
efficiency of the four-bladed propeller exceeds that of the
two-bladed configuration due to the betier lift/drag ratios
and higher induced efficiency. If higher rates of climb are
required at the launch conditions, it would thus appear that
the four-bladed configuration installed on the low rpm engine
would provide the greater growth poteniial,

At the 75-knot cruilse condition the performance of the four-

bladed propeller on the low-speed sngine is superior to that
of the two-bladed configuration operating on the high-mpeed
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engine, The four-bladed propeller also operates at an effi-
ciency very ulose to the optimam, At the dash condition, good
perfornance is obtained and the required dash speed of 100
knots is exceeded, With the lower operating rpm of the four-
bladed propeller operating on the lower speed engine and its
kigh performance, this configurution appears to be superior to
the two-bladed propeller installed on the high-~speed engine
£from both a noise and performance consideratiomn,

DUCTED PROPELLERS

The perforinance of the 5D130-1.75 ducted propeller operating
on the 8000 rpm engine is significantly better al the launch
condition than the two-bladed open propeller. An increase in
efficiency of almost 10% is obtained with a reduction of tip
speed of over 35%. At the cruise condition the performance
is better than the open propeller, and a sitmilar reduction of
tip speed is obtained which should be important in reducing
the noise level of tha configuration. At the dash flight con~
dition the performunce of the open propeller is slightly better
than that of the ducted propeller, but the difference is insig-
nificant as the dnSh spead differen»e is only one-half a knot.,

The performance of the ducted propeller designed for the 5860
rpm engine is approximately 8X better than that of the open
propeller at the launch condition. At the cruise and dash con-
ditiona, however, the open propeller has better efficiency
than the ducted wenfiguration, At theaes conditions there is

a raduction of 28% in the tip speed of the ducted propeller
compared to the open propeller, which may be important from
noise conoiderations,

Although improved performance is cbtained at the launch condi- -

tion with the ducted propeller as compared with the four-bladed
open propeller, the overall advantages do not appear to be as
qregt as in the case of the installation with the 8000 rpm
engine,
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CONCLUSIONS

Based on the design and analysis of open and ducted propéllers

put rotational speeds. it is coneluded that:.u

operating on advanced RPV's using engines with different out-

l.

2,

3.

4.

5.

6,

At all the flight conditions analyzed the perrormance of
the best open propeller for the high-speed engine will
be below that of the best open propaller: douiqned fon
the low-spsed engine.

Ducted propellers wan be desiqned with significant im—l'
provements in performance ut tlie. 1auncn condition (and -
celimb ccndition), , , R

The ductad propcllor oporatinq on. th@ hidh-speed enqino

has higher offidien@y than either of the open propeliers

at the launch and cruise conditions, with nearly tho

same .performance at thn dnah condition, .

The ductod prop.llar on the low-nponﬁ unqina has the
beat performance at’ tno launch condition. -

rqr oithir onqino the duntod propellerl opnrata at a
lower tip speed than the open propellers, which dhould
reslt in a correapondinq nuise reduction..

The tip speed of either the opon or Gucted propelier is

less for the low-speed engine at corrssponding condi-
tions, which should result in a noise reduction,
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RECOMMENDATIONS

Becanaé‘tﬁe ductaed propeller appears to have the greatest po-
tential for peak performance and low noise, the following are

*  recommendeds: '

1., fabricate and teit in a wind éﬁnnel the two ducted

3,

3.

propoiler configurations deasigned for this program,
These tests should be run with the actual engines to
duplicate the range of operating conditions to develop
an efficiency map. and cover the design operating con-

" ‘ditions of the advanced RPV. 'Pressure distribution

measuremants on the duct should be made, .

Conduct tﬁQde-oﬂ! s£ud1eu.to~d§tormine‘thé effect of
changes in the performance at vhe lautich and.cruise
conditions and their relative advantagesa.

Deveibp short mathcda for the deaign and analysis of

ducted propellers, such asthose given in Volume I for
open propellers, ' o o
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1.

2,
3.

4.

5,

6.
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APPENDIX A
FINAL. IOMET DETAILS

The necessary data for the fabrication of the blades for the
two open propellers and two ducted propellers are given in
this appendix, These data correspond to the blade design
characteristic data given for the open propellers in Figures
6 and 9., The corresponding data for the blades of the ducted
propellers are given in Figures 12 and 15, The developed
planform for sach of the blades is given in Figure A-l,

Both engines considered run clockwise when viewed f£rom the
anti-propeller end; thus, when used with pusher propellers,
the blades are left-handed or rotate in the counterclockwise
direction when viewed from the downstream or wake end,

To fabricate a blade, the detailed section ordinates are nseded
at a series radial station, Also needed is information on the
stacking of these blade sections on the blade centerline and
the section setting angle, defined as the blade angle, The
detailed nomenclature used is shown in Figure A-2, The de-
tails of the blade shank will depand on the blade material

and on the blade retention system used, The blade shank char-
acteristics given in Figure A-l are based on the preliminary
retention designe given in Pigures 12 and 18 and must be struc~
turally analyzed prior to the blade fabrication, The outboard
details of the blade are based on aerodynamic considerations
ag discussed in the body of this report., Small changes in the
thickness ratio could be made without affecting the perform-
ance, 1f required for structural reasons,

The design characteristica necessary for fabrication of the
four blades shown in Figure A-l are given in the following
tables and figures.

Blade Blade Sectionn Blade Plan-
Blade No, Characteristics —Ordinates = _form Data

Figures; Tables; Tables;
2BBl-2,.5 6 A=l A=5
4B8l~2,5 9 A=2 A-5
5D130-1.75 12 A-3 A6
5D130-2 15 A-4 A-6
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in.

4.5

8.0

7.5
9.0

10;5.*"“
S 12 .

13.5
14*35

: 1#;&25.

4.k
6.0
T.b
9.0
10.5
12,
13.8
14,25
14.628

. b '

e

2.37
| 2.48
249

2.36

2,13
1,79

1.34

1510.
=

2,37
4.48
2,49
2,36
2,13
1,79
1.24
1.10

«96

LEA

iy
1,038
1,095
1,107
'1.086
ke
" .808
606
e

1,038
1,098
1.107
1.086
<958
+808
+606
498
«438

004

©,002

Y1, . TER
cdne o in.

0l .02
,010
.008
006

f}goi

»Q01
'g991'

Blade 2B81.-2,8

2489
»223
+182
2153
»117
.088
. 060
«047
.040

« 057
« 047
»038
<048
«02
.02
«02
.02
«02
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Wt

0 .02
«012
»011
.008
+005
+003
«002
« 001
+001 Y

Yy  F
in.  Deg.
005 T 42.3
.004 33,3
004 27.6
004  23.9
.004 31,0
004 18,2
L0046  15.5
004 15.0
i;oos‘””-iﬁ.z
0 30,2
L0085 26,4
.006  22.8
006 19.4
.008 18,1
008  16.2
L0064 14,3
.004 13,8
.003  13.4
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| 3.5 2 . .7 .22 ,050 013 .02 005" 49.6 Teiring
5.0 2,885 .172  L03L  .009 008 40,2 ¥ 9;
6.5 2 .802 .14 ,022  ,007 33.8 i
8 2 .98 17 .02 006 29.5 .
‘ 9.5 2 .902 .10 ' ‘ 26,1 :k
i H 2 908 . 088 23.5 -
f 12 2 .906  .084 l ? ¢ 32.0 ‘
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\
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| |
\ N
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.;
¢ ar_oF 0 -;;
i A disk area - =msq ft !
AF blade activity factor ?
B blade number .
b blade chord - £t '
Cp ' drag coefficient N ;
‘c cy, 1ift cdefficient !

Cry  section design 1ift coefiicioﬁt | o [

Cp power coefficient T _ %
Cq torque cocefficient | %
Cr thrust coefficient = T/pnZp4

. Cip propei:l.er thrust coefficient = T/gA

‘i ; Ct duct thrust coefficient

| f ce center of gravity |

% D propeller diameter - ft ;
! DR rotor diameter - £t %

Dgp duct skin friction drag - 1b !

FA face alignment

h maximum blade thickness - £t
‘i Ty, vertical ordinate from chord line, lower
i é hy vertical ordinate from chord line, upper '
: ; hp horsepower '
! t J advance ratio = V/nD

Kix) clrculation function - single rotation propellers
L 1ift - 1b




i OF OLS (continued)
§ LEA lead.edge aligriment
§ LER lead-edgs radius
; ‘ mph milef per hour | .
. | propeller rotatiohal spced - rpm
"é l n propelier rotational speed - rps
| g P power -1ft-1b/ngc
, @ Q torque - ft-lk .
g q dynamic pressure - psf
| ‘j. R “propellex rad:(ua'“ -1 £t
& ReN.  Reynclds nuwber .
; ‘r  propeller radius at any station ~ ft
! E rpm rgva;utions per minuté”
3 T thruet - 1b
Tp  duct thrust - 1b
: ? T rotor thrust - 1b 5
% ; Tg propeller shaft thrust S
o TER  trall-edgs radius /
1 f Thp thrust horsepower E
? e Vp valocity in duct - ft/sec
é é ' Vo free-stream veloocity - f£t/sec
i X fractional radius at any station = r/R
ﬁ horizontal location of ordinates

Xag horizontal location of center of gravity

i
§ x
{
4
)

Yeq vertical locatioun of center of gravity




oo

e

e T,

e e T e ST

e NI H o<t s Rt

Gt

e AL T S XA

or c ()

¥y, vertical center of lead-edge radius
Y vertical center of trail-edge radius
a angle of attack - deg
ay induced angle of attack - deg

B blade angle - deg .

y  dardg/lift angle = tan~l cp/Cp

n propeller efficiency

M duct velocity ratio = Vp/V,

Py mass density of air - slugs/cuvft

o propeller solidity
SUBSCRIPTS,
ref reference

+758 conditions at x = ,75
i induced
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